The xylem vessels of trees constitute a model natural microfluidic system. In this work, we have studied the mechanism of air flow in the Populus xylem. The vessel microstructure was characterized by optical microscopy, transmission electronic microscopy (TEM), and atomic force microscopy (AFM) at different length scales. The xylem vessels have length ≈15 cm and diameter ≈20 µm. Flow from one vessel to the next occurs through ∼10 2 pits, which are grouped together at the ends of the vessels. The pits contain a thin, porous pit membrane with a thickness of 310 nm. We have measured the Young's moduli of the vessel wall and of the pits (both water-saturated and after drying) by specific nanoindentation and nanoflexion experiments with AFM. We found that both the dried and water-saturated pit membranes have Young's modulus around 0.4 MPa, in agreement with values obtained by micromolding of pits deformed by an applied pressure difference. Air injection experiments reveal that air flows through the xylem vessels when the differential pressure across a sample is larger than a critical value P c = 1.8 MPa. In order to model the air flow rate for P ≥ P c , we assumed the pit membrane to be a porous medium that is strained by the applied pressure difference. Water menisci in the pit pores play the role of capillary valves, which open at P = P c . From the point of view of the plant physiology, this work presents a basic understanding of the physics of bordered pits.
I. INTRODUCTION
The study of natural microfluidic systems in plants is motivated not only by our scientific interest in fundamental plant physiology but also by the possibility that a biomimetic approach may lead to the development of novel synthetic microfluidic systems. In biology, fluid motion is generally controlled by flow through membranes and is based on complex physical, chemical, and biological mechanisms. These mechanisms, which appear at the molecular scale, are often coupled and are difficult to distinguish by conventional analytical techniques.
The xylem of trees can be considered as a model microfluidic system. It is composed of cells connected together by a large number of small membranes called "pits" (Fig. 1) . The cell size depends on the tree species. For angiosperm trees, the vessel length varies between 1 and 40 cm, with diameters in the range of 10-100 µm [1] . Pits are holes in the secondary cell wall layers closed by a thin, permeable, pit membrane. These membranes are composed of a cellulosic layer and may be covered with pectin. For angiosperms, the typical diameter and thickness of the pit membrane are around 10 µm and 400 nm, respectively [2] .
According to the cohesion-tension theory, sap flows through the xylem under a tensile force generated by the evaporation of water at the leaf surface [3] . Sap pressures are negative in xylem vessels, typically between −1 MPa and −10 MPa [4] . According to the physical model of Wheeler and Stroock [5] , the negative pressure is regulated during water transpiration * mcapron@imft.fr † philippe.tordjeman@imft.fr by a reduction of capillary pressure within the pores of leaf cells. The sap is thermodynamically metastable under tension, and when the negative pressure reaches a critical value, cavitation occurs. As an example, Vincent et al. [6] showed by studying synthetic trees that cavitation appears at a pressure ≈−22 MPa for water. If nuclei for cavitation are present, the water cannot withstand such large tensions and the critical pressure ≈−2 MPa [4] . Just after cavitation, the cavitation bubbles, containing mainly water vapor, grow within the cells by evaporation, thereby increasing the cell pressure. If cavitation has occurred in the cell on one side of a pit membrane but not on the other, a large pressure difference can occur across the pit membrane. If the membrane is unable to contain the gas, then gas can flow from one cell to the next, leading to the embolism of the vessels and, sometimes, the death of the tree.
One controversial hypothesis is that the gas flow in the xylem is passive, from a chemical and biological point of view, and is controlled by capillarity at the length scale of the pit pores [5, [7] [8] [9] [10] . In this scenario, gas flow occurs if the pressure difference between two adjacent cells, filled with gas and liquid, reaches or exceeds a threshold value given by the Laplace relation [11] :
where d pore is the pore diameter, γ is the gas-sap surface tension, and θ is the contact angle between the vapor interface and the pit membrane. The model is based on the idea that a capillary meniscus maintains the pressure difference P and prevents any gas flow when P < P c . Pores in the pit membrane act like valves and open (in the presence of gas) only above the critical pressure difference. Thus, P c is assumed to be a characteristic parameter of the trees that depends on the pit membrane pore structure. However, in practice P c is also a complex function of the pit membrane mechanical properties which govern the opening of the pore when a pressure difference is applied.
We have investigated the flow of air in Populus wood and have studied how the geometry of the pit membranes is modified by the pressure difference across the membrane. To achieve this, we measured the nanomechanical properties of the individual elements that form the structure of the pits, using atomic force microscopy (AFM). These experiments were performed (in both dry and wet environments) in order to quantify the pit membrane deflection when subjected to a pressure difference.
Pit membrane micromolding experiments were also performed in order to observe directly the deformation of the membranes and thereby verify that we can predict the pit membrane deflection and the opening of the pores at a given pressure difference using mechanical properties measured at the nanoscale. Air injection experiments (called "air seeding" experiments in the botanical literature) were performed to measure the permeability of the xylem to air flow above the threshold capillary pressure difference P c . The results were interpreted by a model that takes the pit membrane mechanical properties, and membrane deformation, into account. This work supports the idea that embolism resistance in trees is controlled by the physical mechanism of capillary valves with properties that depend upon the coupling between structure and material properties at the pit scale.
II. EXPERIMENTS

A. Materials
Branches were collected from Populus deltoides × Populus nigra during the 2011 growing season from mature trees growing at the PIAF trial grounds (INRA-Clermont Ferrand, France). Branch segments were cut from trees, sealed in plastic bags, brought to the laboratory, and immersed in deionized water. Specimens were studied in either the dried or wetted states. For air seeding experiments, thin branches around 300 mm long and 5 mm diameter were used. The sample length was thus higher than the mean length of the xylem vessels (150 mm) [1] . For AFM experiments, 10-mm square samples of thickness 60 µm were cut from lateral branches and trimmed with a razor blade. Two series of measurements were performed, one on dried samples and the other on water-saturated samples. Specimens to be studied dry were cut from the immersed branches and dried during 15 days at room temperature. Specimens to be studied wet were cut from immersed branches and conserved in deionized water for no more than a month before use. When wet specimens were placed on the AFM specimen-holder a small drop of water was deposited on the sample, and the force-displacement curves were measured by plunging the AFM cantilever into the drop. Thus, the samples were never dehydrated.
Before AFM experiments, the samples were observed with a ×100 optical microscope (Zeiss Axio Scope A1) using fluorescent light in order to select the area for AFM measurements. For transmission electron microscopy (TEM), samples were embedded in LR white resin (London Resin Company), which gradually replaced the ethanol. The resin was then polymerized for 2 days at 55
• C. Ultrathin sections were obtained using a diamond-coated blade and stained with uranyl acetate for 10 min and lead citrate for 1 min. TEM was performed on transverse sections using a JEOL JEM 1210 TEM at 80 keV, and the images were analyzed using Image J software (Rasband 1997 (Rasband -2012 . For micromolding experiments, segments of branches approximately 150 mm long and 5 mm in diameter were used. We carried out two series of measurements at three different injection pressures. In order to visualize the micromolds, the samples were observed with the optical microscope using a DIC light and with a Philips SEM 505 at the Electron Microscopy Laboratory of the Institut National de la Recherche Agronomique, Theix (Clermont-Ferrand, France).
B. Atomic force microscopy experiments
Equipment
The microstructure and nanomechanical properties of the Populus pits were characterized by an AFM with nanometer resolution [12] [13] [14] [15] . An Agilent 5500 Scanning Probe Microscope was used with its software PicoView, both in tapping mode for imaging and in contact mode for nanomechanics. The experiments were performed using a scanning probe Nanotools model with ACT tips in tapping mode and a scanning probe MESP Veeco in contact mode. The manufacturer-supplied characteristics of the Nanotools ACT tips (single crystalsilicon) are: tip radius R = 10 nm; cantilever thickness t = 4.5 µm; cantilever length l = 125 µm; cantilever width w = 35 µm; cantilever stiffness k = 25-75 N m −1 ; resonance cantilever frequency f 0 = 300 kHz. The characteristics of the MESP tips [antimony (n) doped Si] are: tip radius R = 2 nm; cantilever thickness t = 2.5 µm; cantilever length l = 200 µm; cantilever width w = 23-33 µm; cantilever stiffness k = 1-5 N m −1 ; resonance cantilever frequency f 0 = 60 kHz. For nanomechanical experiments (MESP tips), the cantilever stiffness and the tip radius are the main parameters required for quantitative measurements of the local values of the material mechanical properties. These parameters should be determined independently of the values given by the manufacturers. First, the calibration factor for the displacement detector 1/χ = 2.89 ± 0.14 × 10 8 V m −1 was measured from the force-distance curve in contact mode using a silicon wafer. The cantilever stiffness k = 1.35 N/m was measured by the Thermal K method [16, 17] , implemented in the PicoView software. Finally, the tip radius R = 1.3 ± 0.1 nm 033019-2 was estimated from the capillary force F c when the tip was brought into contact with water [18] : R ≈ F c /(4πγ ), where γ ≈ 70 mJ m −2 is the surface tension of water.
Nanomechanics
After the samples had been imaged in contact mode, the force-displacement curves were measured on the region of interest in and around a pit. The vertical position of the tip was known from the calibrated voltage applied to the z piezotransducer, and the cantilever deflection was determined from the output voltage V A−B of the photodetector. Each experiment was repeated at least ten times on the same pit and for ten different pits of two different samples. We carried out two series of measurements: one on a set of dried samples, the other on a set of fully water-saturated samples.
The local mechanical properties of the pits were calculated from the force-displacement curves. For Hertzian indentation, the raw V A−B data are related to the indentation δ by a power law:
where E is the indentation modulus. Assuming that the Young's modulus of the tip is high (E tip = 168 GPa [19] ) and neglecting the effect of the Poisson ratio, E represents the Young's modulus of the sample. The displacement δ was obtained by subtracting values obtained at the same force for the tip displacement of the sample and the tip displacement of the silicon wafer. E can be calculated from the slope of the experimental curve of V A−B plotted against δ 3/2 according to Eq. (2) . Indentation experiments on model materials have shown that the z piezo-transducer should be calibrated. We used polymethyl methacrylate (PMMA), which has a Young's modulus close to that of the wood (E PMMA = 2.1 GPa [20] ) in order to determine the calibration factor. The force displacement curves of PMMA and silicon wafer, and the indentation curve V A−B plotted against δ 3/2 for PMMA, are presented in Figs. 2(a) and 2(b), respectively.
Assuming that the pit membrane is a thin embedded circular plate, loaded by a point force at its center, the deflection z at the center is [21] 
where F is the force at the center, L is the diameter of the plate, e is the plate thickness, and ν is the Poisson ratio. Note that the tip displacement is proportional to the applied force. The Young's modulus of the membrane, E, is calculated from the slope of V A−B plotted against z.
C. Air seeding
We developed an experimental method (Fig. 3) to measure the critical pressure difference P c that allowed air to flow into the xylem system. This pressure difference is an intrinsic property of the trees [22] . One end of a segment of a Populus branch was connected to a bottle of compressed air by means of a special airtight clamp; the other end was immersed in a water receptacle. The pressure in the air injected into the end of the branch was controlled by a pressure transducer. The pressure difference between the two ends of the branch segment was varied between 0.1 and 3 MPa with an accuracy of 50 kPa. After each pressure increase, we verified that the pits were undamaged by measuring a zero air flow rate at 0.2 MPa during 3 h.
The flow rate Q T was determined for different P between P c and 3 MPa. Flow rates were determined in the steady state by measuring the height of the water column in a calibrated test tube that was placed in the water receptacle. The flow rate corresponding to a given pressure difference was obtained as the average of 5 repetitions with 12 different branches. The permeability K of the samples was determined from the Darcy law:
where µ is the air viscosity, P is the pressure difference, L b is the branch length, and A is the area of the branch section. Note that the bark serves as a natural impermeable seal on the outer cylindrical surface of the branch. 
D. Micromolding
The sample extremities were first trimmed with a razor blade to ensure that the vessels were open. Stems were cut under water to avoid native embolism. All bark material was removed before experiments. We used the silicone molding liquid RTV 141, which is stable against the chemical reagents used for digestion of organic materials. Furthermore, the silicone does not diffuse through the pit membranes [23] . The RTV 141 silicone is a two-component material. The two components were degassed for 2 h before use. The injection system consisted of a pressure chamber supplied by a compressed air bottle. One end of a branch was placed in the pressure chamber in contact with the silicone, the other end remaining outside the chamber at atmospheric pressure. The injection pressure in the chamber was established gradually. The silicone fluid flowed into the xylem until it was stopped by the pits. These experiments were made with two different branches at three different injection pressures: P = 0.2 MPa, P = P c and P = 2.2 MPa. After 3 h of crosslinking under pressure, the specimens were annealed at 50
• C for 3 h at atmospheric pressure to complete the chemical reaction. Finally, all biological material was removed by immersing the sample in a Franklin's solution and a sulfuric acid solution for 24 h [24, 25] . The silicone moldings of the vessels were subsequently observed by optical microscopy and by SEM (Fig. 4) .
The pit membrane deformations were measured by analysis of the SEM images. The Young's moduli of the membranes were obtained by fitting the pit membrane deflection to the theoretical prediction Eq. (6) using Matlab and COMSOL Multiphysics software [26] .
III. RESULTS AND DISCUSSION
A. Structure of the microfluidic system
The microfluidic system of xylem vessels can be considered as an array of long, parallel capillaries. The mean diameter of these capillaries measured by AFM was d cap ≃ 20 µm (Fig. 5) . The maximum number of xylem vessels in the cross section of the branches that were studied was therefore ≈2 × 10 4 . Xylem vessels are connected to each other by pits. Optical microscopy in fluorescence mode allowed the distribution of pits to be determined: the intervascular pits were grouped together at the ends of the vessels. In the intervessel pit field [ Fig. 5(a) ], adjacent pits were separated by a distance approximately 0.28 µm. The number of pits at the end of a vessel was estimated to be 84 ± 10. The mean pit diameter determined from AFM observations was approximately 7 µm. These measurements agree with those from TEM observations that gave a mean diameter d pit = 8.39 ± 0.9 µm (Fig. 6) . The average pit membrane thickness e = 310 ± 90 nm was measured only by TEM. TEM shows that the thin pit membrane is attached at the bottom of the at the junction between the two pit borders. When viewed by AFM, only the central part of the pit membrane is visible, since an annular structure, the pit border, with a mean aperture diameter of approximately 1.5 µm, covers it partially as seen in Fig. 5(b) . Two characteristic regions can be defined [Figs. 5(b) and 6]: the pit border extremity near the pit aperture, denoted PB1, and the pit border near the intravascular pit junctions, denoted PB2.
AFM only allows us to observe the pit membrane in the center of the pit. Figure 5(b) shows the topography image of a dried Populus pit. There are no regular surface structures, on either the dried pit membrane or the pit border. Indeed, we cannot detect the presence of microfibrils that were observed on Sapium pits by AFM by Pesacreta et al. (2005) [10] .
B. Nanomechanics of pits
Force-displacement curves for dried samples were obtained by AFM. Our aim was to characterize the nanomechanical properties of the vessel wall, PB1, PB2, and the pit membrane (PM).
Example force-displacement curves for the vessel wall are presented in Fig. 7(a) . After measuring with the same tip the force-displacement curve of a silicon wafer, we calculated the indentation δ and verified that V A−B was proportional with δ 3/2 [ Fig. 7(b) ]. We observed that the adhesion force between the tip and the sample can be neglected (F ≃ 0 for δ ≃ 0). From these experiments, we found that the Young's modulus of the vessel wall is E = 7.9 ± 0.4 GPa. This value is in agreement with the literature [27] and corresponds to the radial Young's modulus of cell walls. Similarly, we measured the force-displacement curves of PB1 and PB2. However, we did not find a model to fit the raw data and from which we could extract the Young's modulus. This is due to the fact that the pit border moves under the effect of the tip force.
The force-distance curve of the pit membrane is plotted in Fig. 8(a) . In this example, the strength was proportional to the tip displacement [ Fig. 8(b) ]. This behavior is characteristic of a flexion test and the Young's modulus E = 0.36 ± 0.02 GPa was calculated from Eq. (3). Thus, at a given pressure difference, the strain in the pit membrane is much higher than that in the vessel wall.
Nanoindentation experiments were performed on PM, PB1, and PB2 in water saturated samples. The force-displacement curves [ Fig. 9(a) ] were characteristic of a viscoelastic solid material. At low forces, the curves were fitted by Zener rheological model [ Fig. 9(b) ], for which the stress-strain relationship σ (ϵ) is
where τ is the relaxation time,ε is the strain rate, η is the viscosity, and E 1 and E 2 are the Young's moduli. In our experiments,ε was defined as a constant tip velocity normalized by the tip radius:ε = 1.17 ± 0.06 s −1 . In the Zener model, E 1 corresponds to the low frequency Young's modulus of the specimens and E 1 + E 2 to the high-frequency modulus. We observed a very good agreement between the model and the experimental data. Table I reports the values of the Zener elements obtained from the force-displacement curve fits. These values were obtained using the Matlab software by minimization of the standard deviation. PM and PB2 are characterized by similar Zener elements. On the other hand, PB1 showed higher moduli and a larger relaxation time. However, all the values are close and indicate that the three analyzed areas have a similar chemical composition. Finally, for PM, the comparison of the Young's modulus E of dried samples with the Young's modulus E 1 of water-saturated samples showed that the PM mechanical properties were not affected by the sorption of water.
C. Air microfluidics
From air-seeding experiments, we found that the critical air pressure difference P c at which nonzero flow first occurred was around 1.80 ± 0.02 MPa for 50 Populus branches (Fig. 10) . We verified that air had entered the branches, which were now only partially filled with water. Hence, P c should be the average critical pressure that causes a single meniscus within a pore to break. At P c , the flow rate Q T jumped from zero to a value typically around 10 −8 m 3 s
and we observed by optical microscopy at the outlet end of the branch segment that a very low number of xylem vessels (n cap ≈ 10) were involved in the air flow. Indeed, the air conductive vessels are mainly linked to the wood knots that is involved in the main part of the air flow. So, most of the flow rate is dedicated to the development of ramifications and buds. The pressure dependence of the air flow rate Q T for P P c is presented in Fig. 10 . We observe that Q T varies between 1.29 ± 0.06 10 If the pit membrane is assumed to be a simple circular plate with clamped edges, the linear elastic deflection z(r) of the membrane under a differential pressure P c is [26] 
where the pit radius R pit ≃ 3.5 µm, the pit membrane thickness e ≃ 310 nm, and the Poisson ratio ν ≃ 0.23 [28] . Using these geometrical values, the maximum pit membrane strain was around 84% [26] . In this natural system, three intrinsic properties have been brought to light: the membrane deformation, the critical pressure, and the fact that we can assume that the sap is biologically and chemically inert [7] . Moreover, the microsystem works not only under a positive pressure (in our experiments) but also under tension (in vivo). The behavior of the system is in both cases the same. So the mechanism of air diffusion must be passive. The only explanation of these three properties is that the membrane is porous. The critical pressure difference, P c , characteristic of the pit porosity, was then defined as the minimum pressure that allowed the air flow through the branch. Water menisci are present in pit membrane pores and prevent any air flow until a critical pressure at which the menisci break. In this way, the pit membranes control the flow of air, acting as capillary valves that open at P c . This pressure difference varies inversely with the pore diameter d pore , as given by the Laplace relation Eq. (1). In this relation, the contact angle between the vapor interface and the pit membrane, θ , is assumed to be 0
• [11] . Recent measurement of the capillary pressure difference in angiosperm species concluded that the pit membrane pore diameter should range from 100 to 200 nm [29, 30] . On the other hand, experiments with colloidal gold seeding particles indicated that the pore diameter of the pit membrane varies between 5 and 20 nm [31] . These different results can be understood by allowing for the fact that the pit membrane is thin and can be strained under 033019-6 the capillary pressure difference, increasing in this way the pore diameter [29] . Moreover, the vulnerability to embolism seems to depend on the ratio between the pit chamber depth and the pit membrane diameter: high embolism sensitivity is correlated with a high value of this ratio.
We model the pit membrane as a porous medium of n pore pores of diameter d pore and length e. The flow rate Q pore in one pore is given by the Poiseuille relation:
where P /e is the pressure gradient.
Here, we assumed that the gas is compressed in one cell, flows in the pores, and undergoes an isenthalpic expansion in the adjacent cell (the estimated Mach number is close to 0.7). Based on the assumption that the hydraulic pressure drop in the vessel is negligible compared with the pressure drop across the pit membrane, the total flow rate in the branch segment Q T , which contains n cap conducting capillaries in parallel and a number of pits (n pit ) per capillary, is [32] Q T = n cap n pit n pore
The total flow rate can also be expressed as:
where Q cap is the flow rate in one capillary given by the relation
From Eqs. (4) and (9), we found the relationship between K and n cap :
which is an approximation of the number of conducting xylem vessels. Equations (8) and (11) are established on the basis of three main assumptions:
(1) The vessel walls are air proof and waterproof.
(2) The branch is modeled as a porous medium. The flow rate follows the Poiseuille's law, which is a function of the average number of conducting pores. The pores have a constant mean diameter, d pore , and a mean length close to the pit membrane thickness, e.
(3) The flow rate is also calculated from the value of the average number of conducting vessels per branch, n cap [determined by Eq. (9)], from the average number of pits per vessel, n pit (determined by optical microscopy), and from the average number of conducting pores per pit, n pore (estimated from the fit of the experimental data). Hence, the product n cap n pit n pore gives the average number of conducting pores per branch. Hence, for P = P c , the pit membrane pores were dilated. The mean diameter of these pores was estimated from Eq. (1) using a contact angle θ = 0: d strained pore ≃ 160 nm. This value is in agreement with those obtained in the literature [29] . Finally, considering the membrane deformation, we can also estimate that the pore diameter of the unstrained pit membrane is close to 49 nm. This value is an average pore diameter TABLE II. Pit membrane properties: d pore is the pore diameter of unstrained pit membrane; d strained pore is the strained pore diameter of the pit membrane for P c = 1.8 MPa measured by air seeding experiments; e is the pit membrane thickness; n pore is the number of conducting pores in the pit membrane; K( P c ) is the air permeability of the sample for P c ; E is the Young's modulus of dried pit membrane.
Pit membrane properties d pore (nm) 49 ± 5 d strained pore (nm) 160 ± 8 e (nm) 310 ± 90 n pore 4 ± 1 K( P c ) (m 2 ) 1 .6 ± 0.1 10
within the pit membrane population (which has a large distribution of sizes, d pore is assumed to follow a Gaussian distribution, as expected for polymeric systems [33] ). In order to interpret the air-seeding results, we first calculated, from Eq. (9), the number of xylem vessels n cap ≈ 6 that provide the flow rate for P c . This value is close to that obtained from optical observations. Figure 10 compares the flow rate modeled by a simple increase of pressure, Eq. (8), with the flow rate modeled by an increase of pressure combined with the pit membrane deformation by considering that the pore diameters grow with the pit membrane deflection, assuming constant n cap = 6. We observe that the experimental curve is located between these two modeled curves. These results show clearly that the observed nonlinear pressure dependence of flow rate cannot be explained by the model with a constant pore diameter. On the other hand, if we take into account the free pit membrane deformation, the calculated flow rate is systematically overestimated. Based on this analysis, we conclude that the pit membrane deformation may be limited by the pit border, restricting the pore opening. The pit border reduces the deflection of the membrane and limits the strain since the bending can only occur in the pit aperture. The pit membrane deflection in presence of the pit border can be modeled by Eq. (6) with a higher Young's modulus. Indeed, COMSOL modeling showed that the pit membrane deformation when constrained by the pit border is similar to the pit membrane deformation without the pit border and with a higher Young's modulus. Figure 10 shows that a pressure increase combined with a pit membrane deflection corresponding to E = 0.65 GPa allows a good fit of the experimental air-seeding curve to be obtained. We verified that Q T /d 4 pore P ∼ cst in the accuracy of the experiments. The mean number of conducting pores, n pore ≈ 4, can be estimated from Eq. (8) . This mean value probably hides a large variability of n pore between different pits. The pit properties are reported in Table II . parameter. We found E = 0.41 ± 0.15 GPa at P = 0.2 MPa; E = 0.41 ± 0.13 GPa at P = P c = 1.8 MPa, and E = 0.66 ± 0.097 GPa at P = 2.2 MPa. These results support the idea that the pit membrane are strained under the pressure difference and are limited by the pit border for P > P c . The Young's modulus values measured at P = 2.2 MPa is identical of that deduced from Fig. 10 . Finally, these results validated the measurement of the pit membrane mechanical properties by AFM.
D. Micromolding
IV. CONCLUSION
We have studied the flow of air in the Populus xylem, which is a natural microfluidic system. Our aim was to understand the mechanism by which flow of air within the plant is controlled, in order to develop new MEMS biomimetic devices. We first characterized the structure of the natural microfluidic network by optical, electronic, and atomic force microscopy. The vessels are connected by typically a hundred pits, formed of a thin membrane of thickness 310 nm. We measured the mechanical properties of the vessel wall and of the pit by AFM, and found that the pit membrane has Young's modulus close to 0.4 MPa. Air seeding experiments showed that the threshold pressure difference at which air can flow when the microfluidic system is only partially saturated with water is P c = 1.8 MPa. Micromolding experiments showed that the pit membrane is strained by the applied pressure difference, with a typical maximum strain around 80% at P c . Furthermore, these experiments established that the pit borders limit the pit membrane deformation for P > P c . We have also verified that the Young's modulus deduced from the SEM image analysis of silicone micromoldings is in agreement with the value measured by AFM. Finally, we have measured the air flow rate for P ≥ P c by air seeding experiments. We propose that the flow of air can be modeled by considering that pits behave as porous membranes which become strained under the applied pressure difference. All these results support the idea that the air flow in the Populus xylem is controlled by a system of capillary valves. These valves are formed of water menisci in the pit membrane pores, and P c is the value of the capillary pressure difference at which the menisci break. Any increase in the pressure difference across the membrane increases the pore diameter due to deformation of the pore membrane, thereby reducing P c . In the future, this system of capillary valves could be used for the development of new MEMS, for biological or medical applications.
